The Responder (Rsp) locus of Drosophila melanogaster, the target locus of segregation distortion, is a satellite DNA array. This repeat array imparts some fitness advantage to the chromosomes bearing it. In this paper, we report the following three related molecular properties of this satellite repeat: ( 1) Sequence-directed curvature-On a polyacrylamide gel, Rsp-containing fragments migrate slower than would be predicted on the basis of their physical sizes. The extent of migration retardation correlates with the size and position of the Rsp sequence in a DNA fragment, suggesting that Rsp DNA is bent. The bending is shown to be affected by a DNA-binding drug (Hoechst 33258). (2) Nucleosome structure-Nucleosomes associated with Rsp repeats have an unusual spacing pattern. Instead of being spaced at -190-bp intervals as is the bulk chromatin, they are separated at -240-bp intervals, roughly the size of a dimeric Rsp repeat. The nucleosomal structure in the Rsp region is preferentially disrupted by Hoechst 33258, whereas the bulk chromatin appears to be insensitive to the drug. ( 3 ) Rsp-DNA binding proteinsGel mobility-shift assays using nuclear extracts from pupae and end-labeled Rsp repeat demonstrate the presence of three distinct DNA-protein complexes. Competition assays suggest that these complexes are specific to the Rsp sequence, and two of these nucleoprotein complexes seem to be influenced by the presence of Hoechst 33258. The observed complexes are formed by nonhistone proteins of somatic origin and may be related to the normal functions of Rsp, rather than to the germ-line segregation distortion activities.
Introduction
The term "satellite DNA" originally referred to a fraction of total DNA that forms a satellite band on a CsCl gradient, because of its unusual nucleotide composition and, hence, buoyant density. With the advent of molecular cloning techniques, the term is now generally used'for a class of tandem repeats of very simple sequences, usually A+T or G+C rich, which would likely form a satellite band on a CsCl gradient (Cornea et al. 1973) . The ubiquity and abundance of satellite repeats have been extensively studied (for review, see Vogt 1990). One of the most striking features of these tandem repeats is the enormous variation in abundance, between even closely related species ( Miklos 1985) . The means by which such variations are generated and the significance of such variations in the course of evolution have naturally attracted the attention of students of molecular evolution. Most of the satellite DNAs are clus-1. Key words: Responder, satellite DNA, heterochromatin, bent DNA, nucleosome structure, DNAbinding proteins. tered in the genetically inert heterochromatic regions of chromosomes (for reviews, see Brutlag 1980; Singer 1982; Miklos 1985) . The lack of sequence complexity for coding, the inert cytological location, and the large variations in both structure and abundance are arguments that such materials play no particular role in cellular functions and hence are usually considered as "junk" or "parasites" (Doolittle and Sapienza 1980; Miklos 1985; John and Miklos 1989) . In the past, the analyses of the function and evolution of satellite DNA were carried out in the absence of a known phenotype associated with any satellite repeats. The identification of one array of tandem repeats in Drosophila melanogaster as the target site of segregation distorter (SD) activities, therefore, provides a new perspective to the issue ( Wu et al. 1988) . SD is one of the best-characterized systems of meiotic drive, or ultraselfish genes (Werren et al. 1988; Wu and Hammer 1990) . The structure of the SD gene complex is depicted in figure 1 . In brief, the Sd gene on the SD chromosome interacts with the Responder (Rsp) target locus, located in the centromeric heterochromatin of the second chromosome. Such an interaction renders the sperm carrying a sensitive Rsp allele ( RspS) nonfunctional, because of failure of the chromosomes in those sperm to condense properly during spermiogenesis (for recent reviews, see Wu and Hammer 1990; Temin et al. 199 1) . The target locus for SD, the Rsp locus, has been shown to be a tandem array of 120-bp repeats. The sensitivity to distortion correlates nearly perfectly with the copy number of the Rsp repeat (Wu et al. 1988) .
There are two attributes to the Rsp locus. First, it is the target site of distortion which results in the loss of sperm carrying it; hence, second, Rsp must have a positive fitness effect which compensates for the loss through distortion. Without such a positive effect, the Rsp array is not expected to exist in nature in high frequency. However, it has been observed that most chromosomes in nature are sensitive to distortion (Temin and Marthas 1984) and carry the array ( Wu et al. 1988 ) . This positive fitness contribution, therefore, may be considered the normal function of the Rsp locus, whereas distortion is only contingent on the presence of the Rsp array. The two aspects of Rsp are separable because the positive fitness effect appears to be primarily somatic, whereas distortion is specific to the male germ lines ( Wu et al. 1989) . It is possible that, despite its very unique negative phenotype, Rsp may not be exceptional in its normal chromosomal / cellular role among the tandem repeats of comparable size and complexity. It is this aspect of Rsp that we intend to address in the present report.
In a previous publication, we presented population genetic evidence for the fitness contribution of the Rsp repeat array ( Wu et al. 1989 ). Here we study three molecular genetic properties of the Rsp repeats. First, we found that the Rsp repeat has a sequencedirected curvature (or DNA bending), meaning that the axis of the double helix is bent. Such curvature may occur if, for example, stretches of A's or T's are positioned in a periodic manner ( Wu and Crothers 1984; Koo et al. 1986; Travers and Klug 1987) . Radic et al.'s ( 1987) studies suggest that the bent DNA of mouse satellite repeats plays a role in the condensation of the centromeric heterochromatin. The relevance of their results to the SD questions is that SD apparently results from the aberrant chromatin condensation of Rsp-bearing chromosomes during spermiogenesis (Tokuyasu et al. 1977) .
Second, we examined the nucleosome structure associated with the Rsp repeat array. If tandem repeats are indeed important in the higher-order chromatin structure (Vogt 1990) ) their association with histone cores may offer the first clue. Nucleosome positions on a variety of satellite DNA have been studied, and there is substantial evidence that nucleosome arrangements are influenced by the DNA sequences (Eissenberg et al. 1985) . Again, bent DNA has some unique properties in that it appears to be the favored site of DNA-histones aggregation (Drew and Travers 1985; Low et al. 1986; Satchwell et al. 1986; Hsieh and Griffith 1988) .
Third, we carried out gel mobility-shift assays to look for proteins in the nuclear extract of Drosophila that bind specifically to the Rsp repeats. Bent DNA is often the site of protein binding, examples include the lambda phage origin of replication (Zahn and Blattner 1985) , the T antigen binding site in SV 40 DNA (Ryder et al. 1986) , and the Salmonella tRNA promoter (Bossi and Smith 1984) . A number of nonhistone proteins have been reported to bind specifically to Drosophila heterochromatin (Hsieh and Brutlag 1979; Levinger and Varshavsky 1982; James and Elgin 1986) . Pursuit of these heterochromatin-binding proteins has led to the characterization of genes that suppress or enhance position effect variegation, a classical, heterochromatization phenomenon reflecting the altered expression of many euchromatic genes (James and Elgin 1986; Reuter et al. 1990) . Similarly, the identification of Rsp-binding proteins may eventually be informative about the possible normal function of satellite repeats in chromatin organization.
In these studies of the Rsp locus, we used Hoechst 33258, which binds to ATrich regions of DNA (Harshman and Dervan 1985) . Hoechst 33258 has been used to stain the Rsp locus in situ in cytological preparations (Pimpinelli and Dimitri 1989) . We hope to gain some insights into the structural role of Rsp by preferentially perturbing the Rsp locus with this chemical.
Material and Methods

Plasmid Construction
Rsp fragments of 119 bp (monomer; designated as CB-1) or 235 bp (dimer; designated as CS l-4) were initially cloned into Ml 3 phage vector for sequence determination. The Rsp inserts from the CB-1 and CS l-4 were subsequently subcloned into pUC 18 to generate plasmids pDP 123 and pDP238, respectively, for use in DNA-bending analysis. The plasmids pDP 123, pDP 238, and pUC 2.5 (Wu et al. 1988) and the M 13 clone CS 1-4 were used for restriction-enzyme digestion for DNA-bending analysis. These plasmids yield the Rsp repeats as 119-bp or 235-bp XbaI inserts. PvuII or NciI digests of pDP238 and pDP123 generate DNA fragments which are similar in size but differ in the location of the Rsp sequence within that fragment. The PvuII digest of pDP238 generates a 55 1 -bp fragment containing Rsp in the middle, whereas the NciI digest generates a 58 1-bp fragment that contains Rsp at one of the two ends. The PvuII digest of pDP123 generates a 47 1-bp Rsp fragment, whereas the NciI digest generates a 441-bp Rsp fragment ( fig. 2b ).
Polyacrylamide Gel Electrophoresis
An 8% native polyacrylamide gel was used to determine the apparent mobility of the Rsp repeat. DNA was electrophoresed in 0.5 X TBE (Maniatis et al. 1989) at 105 V for 18 h at 4°C. For Hoechst gels, the gel solution was divided into two parts before polymerization, and Hoechst 33258 was added to one half to a final concentration of 500 ng/ml. The gel was cast as usual, except that an additional spacer was inserted into the middle of the plate assembly to separate the two halves from each other. Thus, the gel in each half was essentially the same in its composition and electrophoretic conditions, except for the presence or absence of Hoechst. The DNA samples for the Hoechst-present half also contained 500 ng Hoechst 33258/ml. We have observed that the extent of retardation in mobility on these gels varies depending on temperature, concentration of glycerol, and buffer composition.
Preparation of Oligonucleosomes
Nuclei were isolated from Schneider's line 2 Drosophila tissue culture cells (4 ml culture) as described by Ewe1 et al. ( 1990) . For Hoechst-present experiments, 50 ug or 100 pg of Hoechst 33258 was added for every milliliter of medium, and the solution incubated for 24 h. For Hoechst-absent experiments, the same amount of Hoechst was added immediately before nuclei isolation. The nuclei were resuspended in 250 ul nuclear buffer [ 60 mM KCl, 15 mM NaCl, 5 mM MgC12, 15 mM Tris-HCl(7.4)) 0.3 M sucrose, 0.5 mM dithiothreitol (DTT), 0.1 mM phenylmethylsulfonyl fluoride (PMSF), and 5% glycerol] and were digested with micrococcal nuclease at a concentration of 1 unit / 250 yl for 10 min at room temperature. The reaction was terminated by addition of 6.4 ul of 0.5 M ethylenediaminetetraacetate, (EDTA) and DNA was isolated from these nuclei after RNase A and proteinase K digestion. The DNA was electrophoresed through 1.5% agarose gel in 1 X Tris-acetate buffer and was transferred to nylon membranes as described by Maniatis et al. ( 1989) . The hybridization was carried out in 50% formamide, 6 X saline sodium citrate, 5 X Denhardt's reagent, 10 mM EDTA, 0.5% sodium dodecyl sulfate, and lo6 cpm radioactively labeled 240-bp Rsp probe/ ml.
Drosophila Strains
Three different SD (exhibiting distortion )-SDMAn, SDrJCyO, and SDS /CyOand three SD+ strains-c&w, MM153, and Ml 13-were maintained at 24°C. The pupae were harvested when they were 2-3 d old. Nuclear extract from the strain SDMAD was used in experiments described in the present paper, but nuclear extracts prepared from all the above-mentioned strains were tested for Rsp-binding activities.
Preparation of Nuclear Extracts
Pupae that were 2-3 d old were weighed (2 g), rinsed in distilled water, and homogenized in two volumes (4 ml) of ice-cold lysis buffer [ 60 mM KCl, 15 mM NaCl, 5 mM MgC12, 15 mM Tris-HCl(7.4)) 0.15 mM sperrnine, 0.5 mM spermidine, 0.35 M sucrose, 1 mM EDTA, 0.5 mM DTT, 1 mM PMSF, and 10 ug/ml each of chymostatin, pepstatin, antipain, and leupeptin] by using a motor-driven homogenizer at 4,000 rpm (20 strokes). The homogenate was filtered through miracloth (Calbiochem), was mixed with an equal volume of 2 M sucrose, and was layered on 1.7 M sucrose cushion. The nuclei were pelleted at 13,000 rpm at 4°C for 30 min in an HB4 swinging-bucket rotor. The nuclei were resuspended in 500 ul of lysis buffer, and the salt concentration was adjusted to either 0.3 M or 0.15 M with 3 M KCl. These nuclei were then incubated at 4°C for 30 min (to extract nuclear proteins) and then were pelleted at 13,000 t-pm for 15 min. The supernatant fluid (containing nuclear proteins) was dialyzed against 2 liters of dialysis buffer [ 25 mM HEPES (7.6), 40 mM KCl, 0.1 mM EDTA, 10% glycerol, 1 mM DTT, 1 mM PMSF, and the abovementioned protease inhibitors] at 4°C for 2 h. The dialysate was centrifuged at 12,500 rpm for 15 min, and the resulting supematant was used for mobility-shift assays. The concentration of protein in nuclear extracts was determined using Bio-Rad protein assay reagent ( Bio-Rad) .
Probe Preparation for Gel Mobility-Shift Assay
The 119-bp Rsp repeat was isolated from pDP 123 by digesting the plasmid DNA with XbaI. The XbaI fragment was end-labeled by filling in the overhang with a-32P-dATP by using Klenow fragment of DNA polymerase I. The fragment was electrophoresed on a 4% polyacrylamide gel and eluted from the gel by the "crush and soak" method (Maniatis et al. 1989) . The eluate was extracted with phenol-chloroform and precipitated with ethanol. The DNA was resuspended in TE [ 10 mM Tris-HCl (pH 8.0), 1 mM EDTA] , at 5,000 cpm/ yl, and 1 ul of DNA was used for each gel mobilityshift assay.
Mobility-Shift Assay
The 0.15 M nuclear extract was preincubated with binding buffer [ 12 mM HEPES (pH 7.9), 60 mM KCl, 6.25 mM MgC12, 1 mM EDTA, 1 mM DTT, and 10% glycerol] and 1 pg poly (dI-dC)-poly (dI-dC) (Pharmacia LKB Biotechnology) in a lo-u1 reaction volume on ice for 20 min. End-labeled DNA was then added, and the reaction was incubated on ice for 20 min ( 1 ul of -O. l-0.5ng/ul was used in all experiments, except that presented in fig. 5~ ). The reaction was electrophoresed through a 4% native polyacrylamide gel at 200 V for 160 min. The gel was dried and autoradiographed. (We have carried out gel mobility-shift assays with the typical 0.3 M extracts but have not detected any difference, in the profile of DNA-protein complexes, between 0.15 M and 0.3 M extracts.) For competition assays, various amounts of unlabeled DNA were mixed with a fixed amount of labeled DNA before the mixture was added to the reaction mixture. For DNA of heterogeneous sizes and sequences, we used mechanically sheared calf thymus DNA with an average size of 0.5-2 kb. For mobility-shift assays using Hoechst 33258, Hoechst 33258 was mixed with the end-labeled Rsp DNA and incubated for 10 min before the mixture was added to the nuclear extract. with -20% divergence between the two monomeric repeats ( Wu and Hammer 1990). The dimer is shown in figure 2b as an X-x'-X repeat, where X is the X&I site (TCTAGA ) and x' is TCTACA.
The evidence for the bending of the Rsp repeat comes from the anomalous migration behavior of Rsp-containing fragments on polyacrylamide gels. The results are presented in figures 2a and 3a, with a graphic summary in figures 2b and 3b, respectively. Figure 2a and b shows that both fragment 1 (an X-X monomer) and fragment 4 (an X-x'-X dimer) migrate much more slowly than their actual physical sizes alone would dictate. (In the present study, physical sizes of all fragments were determined by DNA sequencing.) The ratio of the observed size to the actual size is 1.28 for the dimer and 1.22 for the monomer. The slower migration of bent DNA has been attributed to the resistance encountered by such bent molecules in traveling through the pores of gels (Marini et al. 1982; Griffith et al. 1986 ).
The resistance to migration appears to be dependent on the position of a bend along the linear DNA molecule. To further examine the phenomenon of DNA bending, we used a test similar to the circular permutation of Wu and Crothers ( 1984) . These authors linearized the circular molecule by different restriction digests such.that the bending was present either at the end or in the middle of the linear molecule. Then they showed that, when a DNA molecule is bent, the anomaly in migration will be greater if the bend is in the middle of the molecule than if it is at the end. This effect can also be seen with the Rsp repeats ( fig. 2 ). Both fragment 2 and fragment 3 contain the Rsp monomer and migrate more slowly than would have been predicted on the basis of nucleotide sequence. The smaller fragment, fragment 2 (441 bp), migrates much more slowly than the larger fragment, fragment 3 (47 1 bp), because it has the bent Rsp monomer in the middle rather than near the end. The same is true with fragments 5 (55 1 bp) and 6 (58 1 bp): both are significantly retarded in their migration. The difference between the anomaly ratios of fragments 5 and 6 ( 1.63 and 1.78, respectively) is not as great as that between the anomaly ratios of fragments 2 and 3 ( 1.04 and 1.4 1, respectively), mainly because of the lower resolution in that region of polyacrylamide gels. Fragments that do not contain the Rsp repeats migrate according to their true size in the same gel (e.g., 351-bp, 501-bp, 696-bp and 750-bp fragments in the NciI digests). It is worth noting that we used two independent sets of size markers which are consistent with each other in the size range of interest.
To ensure that the above observations are not an artifact due to the pUC plasmid sequences flanking the Rsp repeat, the experiments were reproduced using an Rsp dimer that was cloned into the M 13 phage vector. Those results are summarized in figure 2b as well. Again, a 680-bp fragment containing the Rsp repeat in the middle migrates at -1 kb, whereas a 679-bp fragment containing the repeat at one end migrates at -850 bp (data not shown). For fragments 7 and 8, the ratios of observed size to actual size are 1.47 and 1.25, respectively.
Sequence-directed curvature can be straightened by certain DNA-binding chemicals such as Hoechst 33258 and distamycin, as visualized with electron microscopy (Griffith et al. 1986 ). The binding of Hoechst 33258 to AT-rich DNA was first demonstrated by MPE.Fe (II) footprinting studies (Harshman and Dervan 1985 ) . Later, Radic et al. ( 1987) showed that such binding also lessens the extent of migration anomaly exhibited by bent DNA molecules. An interesting consequence of the binding of these chemicals in vivo is the interference with the proper condensation of the chromatin associated with the bent satellite repeats (Radic et al. 1987) .
In the present study, we find that binding of Hoechst 33258 indeed makes the Rsp-containing DNA fragments migrate less anomalously ( fig. 3a and 3b) . Although the gel in figure 3a is a single gel with a space bar in the middle, the size determination is based on the two sets of size markers right next to the sample lanes. The part of figure 3 without Hoechst stain confirms what has been said about the bending of Rsp repeats. All fragments corresponding to those shown in figure 3a are shown in figure  3b . The monomer has an anomaly ratio of nearly 2, and the dimer (fragment 1) has an anomaly ratio of 1.6. [ figure 3 shows a greater retardation than fig. 2 because the extent of retardation depends on subtle variations in experimental conditions (see Material and Methods)]. Fragment 2 contains only a partial repeat (72 bp) at the end and shows little anomalous migration for molecules of its size, whereas the migration of fragment 3 with 300 bp of repeats is severely retarded. In the presence of Hoechst stain, all four fragments migrate less anomalously, The difference can be seen most clearly in fragments 1 and 3; both of them migrate faster in the presence of Hoechst stain. (Fragment 1 actually represent dimers of two size classes; see Wu et al. 1988 .) The effect that Hoechst stain has on fragment 2 is almost imperceptible, because there is little retardation without it in the first place. Also, the monomer fragment migrates only marginally faster (relative to the 200/ 220-bp size marker doublet in the I-kb marker lane) in the presence of Hoechst stain. Perhaps the effect of steric hindrance due to the binding of the chemical, which would make DNA migrate more slowly, becomes significant for small molecules.
This suggests that Hoechst 33258 can influence the structure of the naked Rsprepeat DNA, in agreement with previous cytological observations (Pimpinelli and Dimitri 1989) . Such an interaction between a chemical and the DNA structure suggests that Hoechst 33258 can be used as a tool for biochemical assays and phenotypic analyses of the Rsp repeats.
Nucleosome Structure at the Rsp Locus
If bending of satellite DNA indeed plays a role in chromatin condensation, as suggested by the studies of Radic et al. ( 1987) , such an effect is very likely mediated by proteins associated with the DNA. The most universal DNA-binding proteins are, of course, the histones which organize chromosomal DNA into discrete units of nucleosomes ( for review, see McGhee and Felsenfeld 1980) . The nucleosomes have been shown to assemble selectively and efficiently at the bent region, both in the terminus of SV 40 replication and in the kinetoplast minicircle DNA of Crithidia fasiculata (Hsieh and Grifhh 1988) . It was suggested that the curve in the DNA relieves the strain of bending around a histone core, resulting in the observed 5-7-fold greater efficiency of nucleosomal assembly at the bent region of the kinetoplast minicircle DNA, compared with the adjacent linear region. Since DNA bending has a significant effect on the assemly of nucleosomes (Drew and Travers 1985; Satchwell et al. 1986; Hsieh and Griffith 1988) ) we asked whether the nucleosome arrangement at the Rsp locus exhibits unusual organization. We compared the spacing of nucleosomes associated with the Rsp repeats with that of the bulk chromatin. Oligonucleosomes were isolated from the nuclei of the S2 Drosophila cell line after the nuclei were partially digested with micrococcal nuclease to release the nucleosomes. The resultant products were stripped of proteins before being fractionated on an agarose gel. Thus, the spacing of nucleosomes can be determined by the differences in the sizes of such DNA fragments. Figure 4a (lanes 1 and 2) shows the ladder appearance of such DNA fragments from bulk chromatin visualized with ethidium bromide staining. Figure 4b represents the same gel, blotted onto a membrane and hybridized with the Rsp probe. (Because fig. 4a and b had to be made on different camera systems, there is some distortion in the length/width proportion, but this does not affect the interpretation.) The Rsp region is organized into the typical nucleosomal structure as the bulk chromatin ( fig.  4a and 4b, lanes 1 and 2) . However, spacing between nucleosomes in this region appears larger than that in the bulk chromatin. This can be seen when the corresponding nucleosomes are measured against the standard 123-bp size markers; for example, the dinucleosome (the second band from the bottom) in figure 4a is no higher than the third size marker, whereas in figure 4b it is above that band. We carried out regression analysis of the upper size limit, the lower size limit, and the median size of the oligonucleosomes separately and calculated the nucleosome repeat to be 180-195 bp for the bulk chromatin and 235-240 bp for the Rsp region. The former figure is in good agreement with previous studies (Eissenberg et al. 1985) , and the latter figure shows larger-than-average nucleosome sizes. Although Rsp-carrying fragments on a polyacrylamide gel migrate more slowly than predicted, their mobility in a 1.5% agarose gel, as was used in figure 4 , is essentially normal. The appearance of a longer nucleosome repeat is not an artifact caused by the Rsp DNA's slower migration on the agarose gel.
We further investigated the effect that Hoechst 33258 has on the nucleosome structure. Since this stain interacts with the Rsp repeats as shown in figure 3 , we hypothesized that it would preferentially alter the nucleosome organization at the Rsp locus. Lanes 4 and 5 of figure 4a and b show the DNA fragments from nucleosomes isolated from cells that had been incubated in the presence of Hoechst 33258 for 24 h (about one cell generation). In the control (i.e., initially Hoechst-absent) sample, Hoechst 33258 was added right before the cells were harvested. From figure 4a, it can be seen that the effect on the nucleosome structure of the bulk chromatin is negligible. The ethidium bromide staining indicates that both the concentration of DNA and the extent of micrococcal nuclease digestion in the absence of Hoechst 33258 ( fig. 4a , lanes 2) are comparable to those in the presence of Hoechst 33258 ( fig. 4a, lane 4) . The nucleosomes associated with the Rsp repeats, however, appear to have been noticeably disrupted in figure 4b. While the discrete and sharp bands can be read up to the pentanucleosomes on lane 2, the bands are fainter and much more smeared in lane 4. In figure 4b , the overall level of the Rsp nucleosomal DNA is also lower in lane 4 than in lane 2, reversing the bulk chromatin contrast between the two lanes in figure 4a. These observations suggest that Hoechst 33258 preferentially disrupts the nucleosome structure at the Rsp locus in vivo.
Rsp-binding Proteins in Nuclear Extracts
Several Drosophila proteins have been identified that bind to heterochromatic sequences (Will and Bautz 1980; James and Elgin 1986) or, even more specifically, to satellite DNA repeats in the heterochromatin (Levinger and Varshavsky 1982; Solomon et al. 1986) . In this section, we report the presence of proteins that bind specifically to the Rsp repeats.
We have examined Drosophila nuclear extracts for the presence of Rsp-binding proteins by using gel mobility-shift assay. These extracts were prepared from the nuclei of pupae of both SD and SD+ strains. Six Rsp DNA-protein complexes, which migrate more slowly than the unbo'und 119-bp Rsp fragment, can be observed on a native polyacrylamide gel ( fig. 5a and b, lanes 2-5 ) . The important question is, How many and which of these six complexes are Rsp specific? Although the binding assay is done in the presence of a large excess ( lO,OOO-fold greater concentration) of poly (dI-dC)-poly (dI-dC) to eliminate nonspecific interactions, it is, nevertheless, necessary to carry out a competition assay to ascertain that the protein-binding activities are specific for the Rsp sequences. On the basis of the competition assays presented below, we conclude that only the three lower complexes (indicated by arrows in fig. 5 ) are Rsp sequence specific.
Since a monomer ( 119 bp) does not represent all the potential binding sites, we repeated the mobility-shift assay with end-labeled Rsp dimers (235 bp). There are no observable differences in the profile of DNA-protein complexes (data not shown). On the other hand, experiments with dimers often gave rise to elevated background noise; therefore, all subsequent experiments were done by using end-labeled Rsp monomers. This observation suggests that the junction between two adjacent repeats (i.e., the In figure 5c , we also demonstrate the efficiency of self-competition. Only the three Rsp-specific complexes are shown. (Two of them are not resolved in this gel, a common observation in our experiments, especially when the radioactivity is high.) In this experiment, the concentration of labeled Rsp-DNA used is -10 times greater than that in figure 5a and b, to reduce the amount of unbound proteins in the reaction that may actually be Rsp specific. The results show that an equal amount of unlabeled Rsp DNA already has some visible effect on the formation of the smallest complex, and, that, with a lo-fold excess of unlabeled Rsp DNA, that complex is virtually eliminated. A IO-fold excess of unlabeled competitor also substantially reduces the intensity of one or both of the larger specific complexes.
Efect of Hoechst 33258 on Protein Binding
We have shown that the binding of Hoechst 33258 to the Rsp sequences modifies its curvature and partially disrupts the formation of nucleosomes. Does Hoechst 33258 also interfere with the formation of Rsp-specific protein complexes? Because this stain appears to bind to stretches of A's and T's where DNA curvature is thought to be present (Harshman and Dervan 1985 ) , the treatment may preferentially affect protein complexes that form near the curvature.
The gel mobility-shift assays were carried out as in figure 5a and b but in the presence of various concentrations of Hoechst 33258 ( fig. 6 ). Again, we emphasize the three Rsp-specific complexes marked with arrows. The two larger complexes of the three appear to be disrupted in the presence of 50 ng Hoechst 33258 and nearly disappear in the presence of 100 ng of this DNA stain. The smallest complex is also affected, but to a lesser extent. This suggests that the loss of the two specific complexes is not a general effect of the drug on all DNA-protein interactions. It is possible that the two larger complexes are associated with the AT-rich region(s) in the repeat, whereas the smallest complex forms around a different region of greater sequence complexity.
Discussion
In the present paper, we have described several molecular properties of the Rsp satellite repeat that are also common features of other satellite DNAs. The advantage of studying Rsp satellite DNA is that the genetics of this locus is relatively well understood. Furthermore, Rsp may be under positive selective forces that offset the negative effect associated with meiotic drive (Ganetzky 1977; Wu et al. 1988 Wu et al. , 1989 Wu and Hammer 1990) . The study of the structural and chromatin properties of Rsp may, therefore, throw light on the possible functions of satellite DNA.
The cellular functions of satellite DNAs have remained a subject of intense debate. Two main functional roles have been postulated. First, some satellite DNAs [e.g., satellite 2 of the newt Notophthalumus viridesens (Epstein et al. 1986 )) satellite 1 in the bullfrog Ram cutesbeiana ), or the Y-chromosomal fertility genes of Drosophila hydei (De Loos et al. 1984) ] are transcribed, and the resulting RNA molecules exhibit functional potential. For example, the giant transcripts of D. hydei Y-chromosomal genes harbor nuclear proteins ( DeLoos et al. 1984) . Bonaccorsi et al. ( 1988 ) made similar observations in D. melunogaster and have suggested that these nuclear proteins may be necessary for male fertility. The transcript of newt satellite DNA is a self-cleaving RNA, although the functional significance of such an RNA is unknown (Epstein et al. 1986 ). The Rsp DNA, however, is not transcribed, as shown chromatin structure of such regions (John and Miklos 1979) . Along that line of reasoning, our investigation addresses the structure of the naked repeats (DNA bending), their association with nucleosome cores in vivo, and the binding of nonhistone nuclear proteins in vitro.
We demonstrated that the Rsp repeat contains a sequence-directed curvature by showing the slower mobility of Rsp-containing fragments on polyacrylamide gels. Many centromeric satellite DNAs, e.g., mouse satellite DNA (Radic et al. 1987) , female-specific satellite DNA of turkey and pheasant (Saitoh et al. 1989 )) a satellite common to species of the genus Triturus (Barsacchi-Pilone et al. 1986) , and three centromere functional sequences in Saccharomyces cerevisiae (Ng et al. 1986 ) have been shown to exhibit such sequence-directed curvature. One argument against satellite DNA having any cellular function is the variations in the composition of satellite repeats among even closely related species (Miklos and John 1979) . It is plausible, however, that a structural/functional requirement for satellite repeats is (a) their secondary structure, such as DNA bending, or (b) higher-order structure, such as the association with nucleosome cores or nonhistone proteins. Thus, the secondary or higher-order structure may be fulfilled by satellite repeats with very different primary sequences.
Nucleosome structure associated with satellite repeats or with other bent DNAs has been extensively documented (Eissenberg et al. 1985) . The present study indicates that the nucleosome spacing in the Rsp region (240 bp) is very different from that of the bulk Drosophila chromatin ( 190 bp). The rough correspondence between the nucleosome distance and the length of a dimeric repeat (235-240 bp) suggests that nucleosomes may be specifically positioned in the Rsp region. The relationship between the Rsp nucleosome position and the underlying Rsp repeats requires further study. In this regard, the Rsp repeat consists of sequences with short stretches of A's and T's spaced periodically (see fig. 2b ). Such sequence organization favors positioning of the nucleosome core so that the minor groove of the A's and T's faces the histone octamer (reviewed in Travers and Klug 1987 ) .
Evidence that DNA bending, nucleosome structure, and chromatin condensation may not be disconnected observations comes from experimentation with DNA-binding drugs such as Hoechst 33258 and distamycin. Radic et al. ( 1987) showed the dual effect of these drugs both in straightening the bent mouse satellite DNA and in the decondensation of%the centromeric region that is coextensive with the satellite DNA. In the present study, we showed that Hoechst 33258 has the same effect on the bent Rsp repeat. We further showed that it specifically disrupts the in vivo nucleosomal organization at the Rsp locus. It is possible that the binding of the drug to Rsp-and, hence, the straightening of the curvature-may prevent proper nucleosome assembly in this region. This is in accordance with earlier observations that Hoechst 33258 causes undercondensation of Drosophila chromosomes and delays chromatin condensation preparatory to mitosis (Gatti et al. 1976; Lakhotia and Roy 198 1) . Similarly, Hoechst 33258 also interferes with the formation of two of the three specific complexes between Rsp DNA and nonhistone proteins, as determined by gel mobility-shift assays. These proteins may bind at the same site of the bent region as does Hoechst 33258. The interference can be brought about either by simple steric hindrance or by interference with the secondary structure of the Rsp repeat.
If the normal cellular function of the Rsp locus is to facilitate chromatin condensation, it may also provide clues to SD. The failure of half of the spermatids to mature is a postmeiotic event wherein the RspS chromosome does not condense prop-erly (Tokuyasu et al. 1977 ) , resulting in difficulties to individualize for sperm bearing it. The Sd locus apparently interferes with that process. Cases with a parallel etiology can be found elsewhere; for example, in humans, Robert's syndrome associated with disturbances in centromere division is thought to result from aberrant chromatin condensation in the centromeric region (German 1979) . The mutation responsible for this defect may cause a modification of the interaction between the repetitive higher-order structure and a specific nuclear protein. By studying a satellite repeat array with a fitness-related phenotype, such as Rsp, we may be able to gain some insight into the elusive functions of this ubiquitous structure.
